Introduction {#sec1}
============

Nitroxyl (HNO) has been shown to possess intriguing biological properties.^[@ref1]−[@ref21]^ For instance, HNO has been implicated in the mechanism of the inhibitory effect of cyanamide on aldehyde dehydrogenase in treating alcohol abuse([@ref4]) and has been demonstrated to enhance contractility in experimental models of heart failure.([@ref9]) That HNO rapidly and irreversibly dimerizes and dehydrates to produce nitrous oxide (eq [1](#eq1){ref-type="disp-formula"}),^[@ref22],[@ref23]^ making it impossible to isolate in pure form, has been a major barrier to achieving a quantitative understanding of its chemical and bioeffector behavior.([@ref24])

As an approach to studying the chemistry and biology of HNO, considerable effort has been devoted to designing compounds capable of serving as caged HNO donors, or prodrugs.^[@ref1]−[@ref5],[@ref20],[@ref21],[@ref25]−[@ref33]^ We are among those working to develop a platform for systematically generating reliable, controlled fluxes of HNO at programmable rates in physiological media.

Historically, Angeli's salt (Scheme [1](#sch1){ref-type="scheme"}) has been the reagent of choice for generating HNO in aqueous solution.([@ref31]) Recently, the related compound IPA/NO (**1**, the sodium salt of diazeniumdiolated isopropylamine; Scheme [1](#sch1){ref-type="scheme"}) has been shown to mimic the chemical and biological properties of Angeli's salt.([@ref34]) Unfortunately, neither of these salts is itself ideal from the drug development perspective, as they are prone to deterioration on storage and they are difficult to purify. Additionally, their similar half-lives of ∼2 min for spontaneous hydrolysis at physiological pH and temperature do not allow for prolonged exposure of target tissues.

![Structures of the Two Related, Spontaneously HNO-Generating Salts, Angeli's Salt and IPA/NO (**1**)](ja-2010-06552p_0008){#sch1}

A possible approach to circumventing the limitations but harnessing the advantages of such ions is to alkylate the salts to produce stable neutral species that can be rigorously purified and repurified as necessary, then induced to release HNO by way of enzymatic, hydrolytic, or other tunable activation pathways. To our knowledge, alkylating or otherwise suitably derivatizing Angeli's salt has been unsuccessful to date. In contrast, **1** has proven amenable to alkylation.([@ref35]) Here, we report that acetoxymethylation of **1** as shown in eq [2](#eq2){ref-type="disp-formula"} leads to prodrug **2** (AcOM-IPA/NO), which is easily purifiable by column chromatography and functions as an advantageous HNO donor with an unexpected mechanism of activation.

Results and Discussion {#sec2}
======================

Compound **2** Hydrolyzes to HNO More Slowly and Efficiently than **1** {#sec2.1}
-----------------------------------------------------------------------

A key goal of this research is to introduce an array of agents that display a broad range of half-lives for HNO release while minimizing the simultaneous generation of NO that accompanies the spontaneous dissociation of salt **1** at physiological pH. Ideally, this would come in the form of a series of water-soluble compounds that produce reliable fluxes of pure HNO at rates that are tunable for any given experimental application. Compound **2** appears to represent a step in that direction.

Under physiological conditions, Angeli's salt is primarily an HNO donor (\<0.1% NO in the presence of a metal chelator such as 50 μM diethylenetriaminepentaacetic acid (DTPA)).([@ref36]) In contrast, **1** generates mixtures of NO and HNO.([@ref34]) Although **1** decomposes with nearly the same half-life as Angeli's salt (2.3 min in pH 7.4 phosphate buffer at 37 °C),([@ref37]) conversion of **1** to **2** increased the half-life to 41 min (pH 7.4, 37 °C), which offers a useful addition to the otherwise short half-lives available for spontaneous generation of HNO in aqueous media.

The methods available to detect NO are quite varied and adaptable, but quantitative analysis of HNO is limited by its rapid and irreversible conversion to N~2~O (eq [1](#eq1){ref-type="disp-formula"}). The most common method for identifying HNO and establishing a lower limit for the amount formed from a given donor is to trap HNO with metmyoglobin (metMb)^[@ref38],[@ref39]^ according to eq [3](#eq3){ref-type="disp-formula"}. This method was used earlier to suggest that **1** is a donor of both NO and HNO while Angeli's salt is a donor of only HNO under physiological conditions.([@ref34]) Here, we employed this established method to determine whether the products of hydrolyzing **2** include HNO, as would be expected for a prodrug form of **1**. For longer-lived donors of HNO such as **2**, the rate of autoxidation of MbNO back to metMb (eq [4](#eq4){ref-type="disp-formula"}) requires use of anaerobic conditions to detect HNO.

Both **1** and **2** reductively nitrosylated metMb (Figure [1](#fig1){ref-type="fig"}), but **2** did so more efficiently. We conclude that the slower hydrolysis rate of **2** decreases the steady-state concentration of HNO to impede self-consumption such that MbNO is formed in higher yield. The rates of MbNO formation were comparable to the decomposition rates of **1** and **2**, respectively.

![Reductive nitrosylation of metMb (50 μM) by (A) **1** (100 μM), or (B) **2** (100 μM). The assay was performed in phosphate-buffered saline (PBS) (pH 7.4) containing 50 μM DTPA at 37 °C under deaerated conditions until there were no further spectral changes at 543 and 575 nm (1, 2, 4, 6, 9, 14, 23, and 46 min for **1**; 3−107 min in 4- to 10-min intervals shown for **2**). Concentrations of MbNO produced under these conditions by **1** and **2** were ∼18 and 45 μM, respectively.](ja-2010-06552p_0010){#fig1}

Another biological target known to react rapidly with HNO is glutathione (GSH). To confirm the production of HNO in the spontaneous hydrolysis of **2**, the metMb assay was repeated in the presence of excess GSH, which reacts with HNO more rapidly than metMb (eqs [3](#eq3){ref-type="disp-formula"} vs [5](#eq5){ref-type="disp-formula"}) but does not interact appreciably with low concentrations of NO. GSH inhibited reductive nitrosylation by **2** under deaerated conditions, as expected based on the respective rate constants and concentrations employed (Figure [2](#fig2){ref-type="fig"}A, compare Figure [1](#fig1){ref-type="fig"}B). Interestingly, under deaerated conditions, GSH also enhanced MbNO formation during the hydrolysis of **1** (Figure [2](#fig2){ref-type="fig"}B), which hydrolyzes to produce both HNO and NO.([@ref34]) In deaerated solution, GSH has been shown to enhance the interaction of NO with metMb (eqs [6](#eq6){ref-type="disp-formula"} and [7](#eq7){ref-type="disp-formula"}).^[@ref42],[@ref43]^ Note that the spectral changes for **1** were comparable to those observed when the NO donor DEA/NO([@ref37]) was hydrolyzed in the presence of both metMb and GSH (Figure [2](#fig2){ref-type="fig"}C, compare Figure [2](#fig2){ref-type="fig"}B). Quenching by GSH of the reaction of **2** with metMb (Figure [2](#fig2){ref-type="fig"}A) was similar to that of the HNO donor Angeli's salt (Figure [2](#fig2){ref-type="fig"}D), confirming that HNO generation by **2** under these conditions is comparable to that of Angeli's salt but enhanced relative to that of **1**.

![Effect of GSH on the reductive nitrosylation of metMb (50 μM) by (A) **2** (100 μM), (B) **1** (100 μM), (C) DEA/NO (50 μM), or (D) Angeli's salt (100 μM). The assay was performed in PBS (pH 7.4) containing 50 μM DTPA and 250 μM GSH at 37 °C under deaerated conditions. Scans are plotted at 0.5 and 60 min in panel A, 2, 4, 6, 9, 14, 23, and 56 min in panel B, and at 1-min intervals to 8 min and then at 11, 14, 18, 23, 28, and 40 min in panel C. Panel D includes spectra at 500 s (green trace), where the decomposition of Angeli's salt was complete, and at 60 min (blue trace). The effect of GSH appears to be dependent on the batch of myoglobin, indicating the possible interaction with a contaminating protein such as Cu, Zn superoxide dismutase (data not shown; product formation is variable).](ja-2010-06552p_0011){#fig2}

Compound **2** Generates Negligible NO on Spontaneous Hydrolysis, in Contrast to **1** {#sec2.2}
--------------------------------------------------------------------------------------

As mentioned above, **1** produces both NO and HNO on spontaneous hydrolysis at neutral pH.([@ref34]) Surprisingly, the total amount of NO detected on hydrolyzing **2** under the same conditions while purging gases formed in the reaction into an NO-specific chemiluminescence detector was \<1% of theoretical (data not shown), suggesting a different hydrolysis mechanism.

To gain insight into the mechanistic origins of this unexpected finding, we explored the pH/rate profiles of the two diazeniumdiolates. Hydrolysis of **1** slowed as pH was increased from 3 to 10 (Figure [3](#fig3){ref-type="fig"}A). This is quite the opposite of the results for **2**, whose hydrolysis rate was essentially first order in hydroxide ion concentration between pH 6 and 12 (Figure [3](#fig3){ref-type="fig"}B). Below pH 6, the long half-life of **2** (≥2 days) precluded quantitation.

![The pH-dependence of the first-order rate constant of decomposition measured at 250 nm (mean ± SEM, *n* ≥ 3, all *R*^2^ values \>0.995 for **1** and \>0.98 for **2**) of **1** (A, 100 μM) and **2** (B, 100 μM) at 37 °C in PBS containing 50 μM DTPA and adjusted to the indicated pHs as necessary by adding NaOH or HCl; measured pH was the same at the end of each kinetic run as it was at time zero.](ja-2010-06552p_0012){#fig3}

Interestingly, at and above pH 8, the rate of decomposition of **2** exceeded that of **1** (Figure [3](#fig3){ref-type="fig"}), further indicating a mechanism more complicated than simple hydrolysis of **2** to **1**. Correspondingly, absorbance at 250 nm due to **1** was not observed in the spontaneous hydrolysis of **2** at pH 7.4 (Figure [4](#fig4){ref-type="fig"}A). Of further importance, as the pH was raised to 12, the higher energy shoulder resolved into a peak at 217 nm of significant intensity, and there was a shift in the 236-nm peak to 278 nm, consistent with ionization of the N−H bond (Figure [4](#fig4){ref-type="fig"}B).([@ref35])

![Spontaneous (A and B), and esterase-catalyzed (C) hydrolysis, of **2**. In panel A, spectra were collected every 60 s (10-min intervals shown) after dissolving **2** in PBS (pH 7.4) at 37 °C, and only loss of the parent compound was observed. In panel B, the pH was elevated to 12, and scans were collected every 0.5 s (through 2.5 s and 3.5, 5.5, 9.5, and 54.5 s shown). In panel C, porcine liver esterase (1.4 U/mL) was added (pH 7.4), and spectra were collected every 10 s. Hydrolysis of **2** (λ~max~ 236 nm) to **1** (λ~max~ 250 nm) was complete within 40 s (0.067 s^−1^; red spectra) under these conditions. The rate of decay of **1** in panel C (blue spectra at 40, 100, 160, 240, 400, 600, and 2460 s) was comparable to that shown in Figure [3](#fig3){ref-type="fig"}A (0.0033 s^−1^ vs 0.0012 s^−1^, respectively). Elevation of the intensity near 200 nm indicates formation of autoxidation products such as nitrite. Deaeration inhibited this peak (data not shown).](ja-2010-06552p_0001){#fig4}

In contrast to the results in simple buffer solutions, **1** was an observable intermediate in the hydrolysis of **2** when active esterase was present. As shown in Figure [4](#fig4){ref-type="fig"}C, the 250-nm peak for **1** dominated the spectrum within a short time after adding the enzyme to **2** in PBS at pH 7.4. Additional studies confirmed that the esterase does not significantly affect the stability of **1** or the ability of metMb and GSH to trap the hydrolytically produced HNO (Figure S2 in [Supporting Information](#si1){ref-type="notes"}).

Quantitative Insight into the NO/HNO Partition by Analysis of the Organic Products {#sec2.3}
----------------------------------------------------------------------------------

Two limiting mechanisms of hydrolysis for an ionic primary amine diazeniumdiolate are depicted in Scheme [2](#sch2){ref-type="scheme"}.([@ref44]) Path *a* is simply the reverse of the synthesis reaction, with the ion dissociating on N-protonation to yield the parent amine and 2 equiv of NO. Path *b* also begins with a protonation step, but at a different nitrogen, yielding an intermediate that dissociates to form 1 equiv of HNO and a primary nitrosamine; the latter species then rearranges to a diazoate that, in a protonating medium, loses a molecule of water to form a highly reactive alkyldiazonium ion. This intermediate can then react rapidly with available nucleophiles (represented in Scheme [2](#sch2){ref-type="scheme"} as water) to displace a dinitrogen molecule and produce a nucleophile/carbocation adduct (shown as the alcohol in Scheme [2](#sch2){ref-type="scheme"}); if the R^+^ group bears a hydrogen atom in the β-position, loss of that proton would produce an olefin.

![Two Limiting Hydrolysis Mechanisms for Generation of NO versus HNO from a Diazeniumdiolated Primary Amine Anion](ja-2010-06552p_0002){#sch2}

With the assumption that paths *a* and *b* are the only routes by which **1** can dissociate, the yield of amine observed in such a dissociation can be taken as a quantitative measure of the preponderance of path *a*, while the combined yields of olefin and RX species quantitatively reflect the extent of competing route *b*. With this in mind, we followed the course of hydrolysis for both **1** and **2** by NMR and quantified the organic products. Consistent with the HNO/NO yield data reported above, complete dissociation of **1** at pH 7.4 generated similar amounts of isopropylamine and isopropanol, with essentially saturating concentrations of propene also being observed (Figure [5](#fig5){ref-type="fig"}A). In contrast, methyl peaks attributable to the amine bordered on undetectable when **2** was hydrolyzed under the same conditions, pointing to a hydrolysis mechanism for **2** that does not involve **1** as an intermediate (Figure [5](#fig5){ref-type="fig"}B).

![NMR spectra of products generated on exhaustive hydrolysis of **1** (A) and **2** (B) in 0.1 M phosphate buffer containing 50 μM DTPA at pH 7.4 and 37 °C. Note the near-absence of isopropylamine, a byproduct of the NO-forming pathway, in the hydrolysis of **2**.](ja-2010-06552p_0003){#fig5}

Differences in time course as well as stoichiometry in the alkaline hydrolysis of **1** and **2**, illustrated in Figure [6](#fig6){ref-type="fig"}, also matched expectation based on the HNO/NO yield and rate data. Ionic **1** hydrolyzed slowly at pH 11. Compound **2**, on the other hand, completely dissociated within 5 min at 37 °C in pH 11 carbonate buffer. Peaks for formaldehyde and acetate were seen in addition to those for the carbocation-derived alcohol and alkene, but the amine was undetectable.

![Distribution of products in the hydrolysis at 37 °C of **1** (left side panels) and **2** (right side panels) in pH 11 aqueous 0.05 M sodium carbonate containing 10% deuterium oxide. Note that hydrolysis of **1** to isopropanol and propene proceeded to the extent of only ∼15% during 1 h while dissociation of **2** was complete within 5 min. Since **1** is more stable than **2** at this pH, the absence of a peak for it in the spectrum of fully dissociated **2** indicates that free **1** is not significantly produced in the hydrolysis of **2** under these conditions. An expanded view of the spectrum at the lower right is included as Figure S1 in [Supporting Information](#si1){ref-type="notes"}. It provides integrals for all the organic products including formaldehyde, and shows that the combined yield of propene plus isopropanol essentially matches that of acetate, as expected for a hydrolysis mechanism for **2** that produces an NO/HNO ratio approaching zero.](ja-2010-06552p_0004){#fig6}

Mechanism of Base-Induced Hydrolysis {#sec2.4}
------------------------------------

Although **1** hydrolyzed 2 orders of magnitude more slowly than **2** at pH 11 (Figure [3](#fig3){ref-type="fig"}), the characteristic 250-nm wavelength maximum of **1** was detected only at low intensity during the rapid hydrolysis of **2** at this pH (Figure [4](#fig4){ref-type="fig"}B), and the corresponding NMR signals for **1** could not be separated from the noise (Figure [6](#fig6){ref-type="fig"}). One way to rationalize the near absence of free **1** as a product of hydrolyzing **2** is to postulate that base-induced removal of the N−H proton of **2** generates **3**, as in Scheme [3](#sch3){ref-type="scheme"}. This intermediate might be expected to undergo 1−4 acyl migration via cyclic intermediate **4**. Expulsion of formaldehyde from **4** could give **5**, which could then fragment with N−N bond cleavage to produce diazoate ion **6** and acylnitroso derivative **7**. Aliphatic diazoates are well-known progenitors of unstable carbenium ions that can indiscriminately alkylate ambient nucleophiles (such as water to produce the corresponding alcohol) with cogeneration of an equivalent of dinitrogen,([@ref45]) and acylnitroso compounds such as **7** are known to hydrolyze to HNO with the derived carboxylate as byproduct.^[@ref21],[@ref46]^

![Proposed Mechanism of Hydrolytic HNO Generation from **2** in the Absence of Esterase](ja-2010-06552p_0005){#sch3}

Precedent for ionization of O^2^-substituted IPA/NO derivatives such as **2** with an accompanying shift in absorbance maximum from ∼236 to ∼278 nm (see Figure [4](#fig4){ref-type="fig"}B) has been reported for methylated IPA/NO,([@ref47]) with a measured p*K*~a~ of 12.3. For **2**, with increasing alkalinity this shift became apparent at pH 11, indicating a comparable p*K*~a~. The importance of anionic resonance form **3** as a nucleophilic site is supported by the finding that glucosylated IPA/NO can be methylated at that site in basic media.([@ref48]) Examples of 1−4 acyl migrations reminiscent of that shown in Scheme [3](#sch3){ref-type="scheme"} for conversion of **3** to **5** have been reported,([@ref49]) and cleavage of **5** to the two well established reactive intermediates **6** and **7** would not be surprising. Consistent with the view that the base-catalyzed dissociation of **2** according to Scheme [3](#sch3){ref-type="scheme"} is the only pathway by which it decomposes in enzyme-free media, product ratios were the same in the slow pH 7.4 reaction (Figure [5](#fig5){ref-type="fig"}) and its faster pH 11 counterpart (Figure [6](#fig6){ref-type="fig"}), except that propene appeared to be present in somewhat higher concentration at the higher pH. The observed integral for acetate corresponded to a yield (taken as 100%) essentially matching that expected for the sum of propene plus isopropanol (26% + 79%, respectively; see Figure S1 in the [Supporting Information](#si1){ref-type="notes"}), suggesting that analysis of the organic products in these reactions can provide reliable quantitative insight into the partition between the NO- and HNO-forming pathways.

Effects of **1** and **2** on Isolated Cardiac Myocytes {#sec2.5}
-------------------------------------------------------

To determine whether the slower and more efficient generation of HNO by **2** relative to **1** translates to enhanced bioactivity, we turned to a model for one of the most exciting applications of HNO donors, the treatment of heart failure. Donors of HNO enhance contractility in failing hearts.([@ref9]) As might be expected for an agent that generates substantially more HNO than **1**, prodrug **2** proved more potent at micromolar concentrations in ventricular myocytes isolated from wild-type mice. As shown in Figure [7](#fig7){ref-type="fig"}, **2** elicited a roughly 4-fold higher change than **1** in sarcomere shortening relative to baseline at 3 μM. While this finding suggests potential pharmacological utility on the part of **2**, it is important to note its apparently negative inotropic effect at 50 μM, a possible reflection of toxicity not seen with **1** (Figure [7](#fig7){ref-type="fig"}). We are currently exploring the origin of this undesirable effect in an attempt to infer a means of circumventing it.

![Relative increases in contractility in ventricular myocytes isolated from wild-type mouse hearts. Dose−response effects of **1** and **2** on cell shortening. \*\*\**P* \< 0.001 vs control. Number of cells = 6 at 1 μM, 5 at 2 μM, and 15 for 3 and 50 μM.](ja-2010-06552p_0006){#fig7}

Summary and Significance {#sec2.6}
------------------------

Our results suggest that diazeniumdiolate chemistry may offer a versatile platform for development of advantageous HNO sources for fundamental research and biomedical applications. The present comparison shows that suitable derivatization of **1** can dramatically slow the rate of spontaneous HNO generation, with concomitant improvement in the efficiency of its capture by biological targets. Furthermore, conversion of relatively unstable **1** to **2** provides a rigorously purifiable derivative with alternate mechanisms of hydrolysis to HNO and improved ability to strengthen contraction of beating cardiac myocytes at low micromolar concentrations. Work currently in progress is focused on further exploring the structure−activity and −reactivity relationships in the primary amine diazeniumdiolate series, with the aim of developing a variety of improved tools for probing the chemistry and pharmacology of the intriguing bioeffector molecule HNO.
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Complete ref ([@ref34]); experimental procedures including synthesis and characterization of **2**; details of the analytical and biological methodologies employed; and additional spectral data from studies of the esterase-mediated hydrolyses of **1** and **2**. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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